Abstract: The present work describes the effect of FSW on the result microstructure in the stir zone (SZ), thermo-mechanically affected zone (TMAZ), heat affected zone (HAZ) and base metal (BM) of a TRIP-780 steel. X-ray diffraction (XRD), optical microscopy (OM) and EBSD were used for determinations retained austenite (RA) in the SZ, It was found that the amount of RA developed in SZ was relatively large, (approximately 11% to 15%). In addition, recrystallization and the formation of a grain texture were resolved using EBSD. During FSW, the SZ experienced severe plastic deformation which lead to an increase in the temperature and consequently grain recrystallization. Moreover, it was found that the recrystallized grain structure and relatively high martensite levels developed in the SZ lead to a significant drop in the mechanical properties of the steel. In addition, microhardness profiles of the welded regions indicated that the hardness in both the SZ and TMAZ were relatively elevated confirming the development of martensite in these regions. In particular, to evaluate the mechanical strength of the weld, lap shear tensile test was conducted; exhibited the fracture zone in the SZ with shear fracture with uniformly distributed elongation shear dimples.
Introduction
Advanced high strength steels (AHSS) display complex multi-phase microstructures and unique combinations of high strength and ductility for applications in the automotive sector. Typical AHSS microstructures consist of mixtures of bainite (B), ferrite (F), martensite (M), and retained austenite (RA) [1] . In recent years these steels have been the subject of extensive work due to their relatively high toughness [2, 3] . When AHSS are joined by friction stir welding (FSW), a precise characterization of the welded microstructures is of great importance as they account for the weld toughness [4] . In FSW exceptionally large temperature gradients coupled with elevated plastic strains and strain rates leads to the 3 Universidad Autónoma de Nuevo León, FIME, Aeronautical Engineering, NL, México.
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development of recrystalized microstructures containing various amounts of B, F, M and RA [5] [6] [7] . In particular, the presence of retained austenite and the austenite-to-martensite transformation during FSW can adversely affect the steel toughness [8] .
Among the AHSS, transformation induced plasticity (TRIP) steels have been developed which contain relatively large amounts of RA. The exhibited volume fractions of RA are strongly influenced by the previous thermal mechanical history, as well as the steel composition, particularly Mn, Nb and Si contents. In general, high amounts of RA (of the order of 15%) are desirable in TRIP steels for applications that require high toughness such as a sudden vehicle crash [1, 9] . Under these conditions, RA transforms to martensite under the effect of high strain rate plastic deformation [10] [11] [12] . Various characterization techniques have been employed for determinations of RA in these steels including X-ray diffraction and color metallography [13, 14] . Nevertheless, there is limited work on the characterization and quantification of the phases developed in the different regions of TRIP steels joined by FSW. In steels joined by FSW, at least three regions have been identified to be developed; the stir zone (SZ), the thermo-mechanically affected zone (TMAZ) and the heat affected zone (HAZ).
Among the published works, Lomholt et al. [15] investigated the weldability of a TRIP steel joined by FSW. In their work, they included electron backscattering diffraction (EBSD) besides the conventionally used characterization techniques. However, no effort was made in making quantitative determinations of the developed phases. More recently, Miranov et al. [16] demonstrated that EBSD is an important tool for the characterization of microstructural features including texture control in materials welded by FSW. From these works, it is obvious that EBSD can provide fundamental insight into the microstructural evolution as well as for microstructural quantification [7] . Accordingly, in this work various analytical techniques for microstructural resolution were considered and compared with EBSD estimations of the various phases developed in a TRIP 780 steel joined using FSW. In particular, the exhibited volume fractions of RA and M in the various welded regions (BM, SZ and HAZ) were quantified in order to disclose possible phase transformation reactions.
Experimental Procedure
Microstructural characterization
The investigated TRIP 780 steel was supplied in the form of 2.7 mm thick sheet. Table 1 gives the chemical composition of the TRIP 780 steel whereas Table 2 gives the exhibited mechanical properties. In addition, microstructural characterization and phase quantification were carried out by optical microscopy (OM) using an Image-Pro Plus analyzer, X-ray diffraction (XRD) in a Phillips PW 3040/00 X'Pert MPD with Cu Kα radiation and scanning electron microscopy in a Phillips XL-30 equipped with electron back scattering diffraction (EBSD) EDAX/TSL. The acceleration voltage employed was 20kV and the working distance 80 × 70 µm with a step size of 0.35 µm. The etchings solutions used were Klemm's I (1 g K 2 S 2 O 5 potassium metabisulfite, 79.4 g Na 2 S 2 O 3 -5H 2 O Sodium Thiosulfate) to reveal the structure of the HAZ, TMAZ and SZ. Lepera (1% aqueous sodium metabisulfite with 4% Picral) was used to reveal the microstructure of the base metal (BM) and 2% Nital followed by heat tinting, to reveal the ferrite grain boundaries. To evaluate the mechanical strength of the weld, lap shear tensile tests of the cross section of the weld was conducted using a fully computerized united tensile testing machine at a crosshead dis-placement speed of 10 mm/min in air at room temperature (Std. ASTM E08 sub-size). 
Friction stir welding processing
The welding conditions in the FSW process were a welding speed and heat input of 200 mm/min and 5592 J/mm respectively. Plunge in speed of 2.4 mm/min and rotational speed of 800 Rev. / min. The specimens of the size of 244 mm length × 70 mm width were machined from TRIP780 steels ( Figure 1a ). The lap joint was made using the CNC machine Bridgerport VMC 760XP3. The equipment could achieve maximum spindle speeds of up to 12000 RPM and a maximum spindle power of 18.5 kW or 25 hp. The tool used in this work was made of Poly Crystalline Boron Nitride (PCBN) and it was fabricated by MegaStir Technologies with a cylindrical tool profile. It comprises of 36 mm shoulder diameter, 7 mm pin diameter and 4mm pin length. 
Results and Discussion
Welded microstructures
Metallographic determinations closely followed the published methods for identification and characterization of phases in TRIP steels [13, 17] , the etching applied in the as-received TRIP780 steel was 4% picral (4 g dry picric acid in 100 mL ethanol), mixed with a few drops of concentrated hydrochloric acid (1 mL per 100 mL of picral solution) and 10% aqueous sodium metabisulfite solution (1 gr sodium metabisulfite with 100 mL of water). The purpose of the hydrochloric acid was to improve grain boundary etching and to sharpen the appearance of any iron carbides. The steel cross-section was mounted in bakelite and after polishing the sample was first dipped in the picral solution for 18 to 20 seconds. During the whole etching process, the specimen was gently oscillated. After etching in picral, the sample was immediately washed with water followed by ethanol, and then dried in hot air. Picral was chosen over Nital because of its effect on a better delineation of carbides and bainite. Nital attacks ferrite grains and grain boundaries, but picral preferentially attacks the ferrite and carbide interfaces. Once the microstructural observations were completed after the first stage of etching, the sample was further dipped in a freshly prepared solution of sodium metabisulfite for six to eight seconds, and then immediately washed in water followed by ethanol, and then dried in hot air.
The exhibited microstructural features of the TRIP steel are shown in Figure 1b . Notice the presence of a mixture of ferrite and bainite including retained austenite that appears as small bright white particles preferentially located between bainite layers. The presence of RA at bainite interphase boundaries agrees with the transmission electron microscopy observations of Chen et al. [18] of RA at these locations. The color micrograph of Figure 1 also reveals that ferrite can be clearly distinguished from bainite (green = ferrite, dark brown = bainite). The resultant microstructures found in the HAZ, TMAZ and SZ using OM are shown in Figures 2a-c, respectively . Notice that the color tinting of the resultant phases consists of dark brown for M, blue for B, green for F and small bright white particles for RA. Figure 3 gives an overview of the different microstructures developed in the various weld zones produced by FSW. As for the expected morphological changes in the various weld regions, next to the welded region is the HAZ. This region can be heated sufficiently to induce some structural modifications with no changes in the grain structure. The alteration of properties in the HAZ may include some changes in strength and ductility [19, 20] but the steel is expected to keep essentially the same properties as those of the BM. The TMAZ encompasses all of the plastically deformed material within the joint region. In this region, the workpiece is sufficiently heated and grain structure heavily deformed to induce grain recrystallization [20, 21] . In addition, a fully recrystallized structure develops in the SZ as this region is under the effect of severe compression loading at elevated temperatures. The phases developed in the final recrystallized grain structure are expected to strongly depend on the peak temperatures reached in the work piece [22] , as well as the actual cooling rates and steel composition.
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Phase quantification
Quantitative determinations of the various phases in the BM, SZ and HAZ are given in Figure 4 . Notice from this figure that there is not a significant variation in the exhibited amounts of B and F in the HAZ when compared with the BM. In particular, the amounts of ferrite and bainite decrease, in the case of ferrite in the HAZ (38%) and in the SZ (33%). In contrast, there is a slight increase in the amount of RA and M. In the case of RA the vol. % present in the different weld zones was determined by both, image analysis (Figure 4a ) and by XRD (Figures 4b-d) through the use of Cu Kα radiation. An estimation of the amount of retained austenite was made by considering the following Equation 1 [14] :
where Iγ is the average intensity of the austenite peaks and Iα is the highest intensity of the ferrite peak. The XRD results and the applied parameters are given in Table 3 . Notice in particular, that the vol. % RA in the HAZ and in the SZ goes up to 15% compared with 11% in the BM. Apparently, the amount RA after the high temperature incursion increased in both the SZ and HAZ regions. 
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From Figure 4 , apparently, there is an increase in the vol. % of precipitated martensite particularly in the SZ. Notice that the amount of precipitated martensite increases up to 8.96% in the HAZ and as high as 23.72% in the SZ. Apparently, the SZ reaches peak temperatures of or above A3 (1147K) which upon cooling [23] , the cooling rates are high enough to promote the martensite transformation. Hence, it is expected that the exhibited weld microstructures are a result of a combination of the implemented processing factors. The dominant factors can be defined as the steel composition (preferentially C, Mn and Si) and the state of mechanical and the thermal cycles experienced in the various weld regions [22, 24] .
EBSD is a useful tool for determinations of grain evolution and texture development in steels exposed to severe thermal mechanical processing such in the SZ during FSW [25] . The experimental outcome using EBSD in the FSW process on the grain structure modifications can be described by (a) the initial grain structure is first reoriented into a flow pattern around the tool due to the geometrical requirements associated with the applied strain (see Figure 5 ). (b) Simultaneously, the original grains are split into regular arrays of nearly parallel bands. In turn, this indicates the beginning of a grain subdivision process in the deformed grain structure. (c) As the applied plastic strain increases, the band boundary increases in the regions exposed to the pin of the tool (SZ). (d) Eventually, this leads to the formation of a lamellar-type microstructure [16, 25] . Figure 6 shows a microstructure map with the display of boundaries and orientation relationships (OR) between austenite and ferrite grains. The relative amounts of RA and F can be easily distinguished by EBSD since they have different crystallographic structures [26] . Martensite is either not indexed by the software or it is shown as an area with low pattern quality (PQ) and a high density of particular grain boundaries. However, bainitic ferrite and ferrite in the present steel have both the same crystallographic structure, bcc, and need further work to be able to be distinguished. In this work, a quantification of the amount of RA in the SZ carried out by considering an area of approximately 80 µm x 70 µm for EBSD, in the case of XRD diffraction the section exanimated was of 2mm 2 and finally the sample of the optical microscopy was 80 µm 2 . The results of these determinations are plotted in Figure 7 and compared with the ones found by OM and XRD. Considering that the determinations by EBSD are confined to a relatively small area, the amounts of RA (11%) are in good agreement with those obtained by OM (13%) and XRD (15%). Nevertheless, a direct comparison of the amount of RA measured by these methods should be carried out with care keeping in mind the sample size effect. XRD gives quantitative average estimations of RA in a volume which is significantly larger than the EBSD scan area. In addition, the crystal orientation mapping yields similar values but on a local scale which is highly dependent on magnification and on the spatial resolution of the microscope. 
Microhardness
Microhardness profiles of the welded regions confirm that relatively high amounts of martensite developed in the SZ. Notice the relatively elevated hardness (near 420 Hv, Figure 8 ) and the top hat shape of the graph, indicating a significant development of martensite in this region. Apparently, a recrystallized fine γ-grain microstructure formed by the intense plastic deformation imposed on the SZ, yielded upon cooling relatively high amounts of martensite (23%). To some extent, this effect was also experienced in the transition region (Figure 8) . Among other factors, the exhibited martensite hardness is strongly dependent on the carbon content and it can reach values of up to 540 VH [9, 27] . Carbon build-up in the austenite phase is always likely as in the intercritical region α-Fe precipitation is accompanied by carbon rejection into the surrounding austenite. In the HAZ, the amounts of RA and M were slighty above the ones corresponding to the BM, but the overall hardness was not affected. 
Lap shear tensile test
The shear tension strength of the welded joints including the BM were evaluated using a lap-shear tensile test (see Figure 9a) . From the experimental outcome, it was found that ultimate tensile strength (UTS) of the TRIP780 steel was 854 MPa. In contrast, the maximum UTS values found in the friction stir welded steel were of the order of 316 MPa. Hence, it is evident that friction stir welding of the TRIP780 steel for the parameters and application considered in this work, lead to a reduction in the toughness and ductility. Confirmation for the loss of toughness was found through SEM examinations of the fracture surfaces (see Figure 9b) . Figure 9c shows the appearance of the fracture surfaces. It was found that the fracture occurred in the SZ where lap shear markings are developed, as well as uniformly distributed elongated shear dimples [28] . Apparently, FSW lead to a severe deformation of the austenite and subsequent recrystallization, raised the Ms temperature and enhanced the transformation of metastable austenite into martensite as discussed by Patel and Cohen [29] . In their work they suggest that applied tensile is capable of algebraically decreasing the driving force required for the martensitic transformation.
Conclusions
The weldability of a thin (2.7 mm) sheet of a TRIP 780 steel using FSW has been investigated using color etching, as well as XRD, EBSD and lap shear tensile testing. Color etching enabled the identification of retained austenite, ferrite, bainite and martensite in the SZ, TMAZ, HAZ and BM. In turn, quantitative determinations of the relative amounts of these phases were possible. XRD was also used to confirm the amounts of retained austenite in the SZ. In addition, the EBSD technique was employed for determinations of RA. The quantity of fraction of RA measured by EBSD was somewhat below the ones obtained OM and XRD. This is likely to be due to the sample size effect and the magnifications used. Nevertheless, EBSD is a highly effective tool for determinations of the grain structure and resultant textures in the SZ. In particular, it is found that in the SZ relatively elevated amounts of martensite are formed (above 23%) probably as a result of rapid cooling of a highly strained austenite phase and a recrystallized grain structure. The mechanical properties of the TRIP 780 steel indicates that the SZ region undergoes a somewhat brittle fracture as the lap shear tensile strength drops to values of 316 MPa, which are below those corresponding to the BM (854 MPa). 
